Abstract. Combustion of biomass is challenging due to the heterogeneous character of the fuel, which makes monitoring of the process important. Unburned carbon residue is one of the indicators of the inefficiency of the process, since it shows that the combustion has been incomplete. Nonetheless, there is a lack of measurements which could be used for monitoring the amount of unburned carbon in the bottom ash of energy boilers. In this paper we present a simple, low-cost online system for detecting unburned fuel, which has been tested on the bottom ash conveyor of a large-scale biomass-fired boiler. The system, which can be used for capturing online images from the process, includes an ordinary systems camera and a control computer placed in a protective case. The images are then analyzed and an index which indicates the amount of unburned carbon in the bottom ash is calculated. The results show that the system yields useful online information on the process, and a trend line can be used for monitoring the long-term changes. The system can be programmed to alarm when there is a growing trend in the carbon index, for example, and it has several potential applications in the future.
Introduction
Fuel flexibility and the ability to burn low-grade fuels are major advantages generally associated with fluidized bed combustion [1] - [2] . Because of these advantages, the fluidized bed seems to be one of the most suitable combustion technologies for converting biomass into energy [3] . Nonetheless, fuel flexibility also poses challenges. The use of demanding heterogeneous fuels such as biomass not only increases the need for monitoring the combustion process, but also complicates the development of new methods for diagnosing it.
Bed diagnostics is becoming an ever more important part of fluidized bed combustion of biomass. Coarsening of the bed material, for example, may lead to incomplete combustion, decreased efficiency, an increased level of emissions and even to agglomeration of bed material. This can cause serious problems such as unscheduled downtimes of the plant. On the other hand, unburned carbon in the bottom ash is an indicator of incomplete combustion and therefore an inefficient process. For these reasons diagnosing the bed quality is extremely important.
Diagnosing the quality of the bed material in fluidized bed boilers is usually performed manually by sieving the bottom ash. This is expensive and laborious, however, and should be automated if possible. Another possibility is to develop new computational tools, soft sensors, which rely on measurement data and which can be used in compensating or replacing difficult and expensive measurements. Soft sensors have been developed for estimating the bed quality [4] - [5] , but they have certain weaknesses and limitations, which include the need for example data (i.e. manually acquired sieving data), the demands for the quality of the data, and process dynamics, which can complicate the development of the soft sensor.
The general target for measuring or analyzing unburned carbon in energy plants is the fly ash (See e.g. [6] - [8] ). The other typical approaches for estimating the amount of unburned carbon in the fly ash has been modelling by using physical models [9] , data mining [10] or their combination. Characterization of unburned carbon present in the solid or gaseous combustion products is, of course, also possible by performing laboratory analyses [11] - [12] . It seems, however, that there is not a widely-recognized method to monitor the amount of unburned carbon in the solid combustion products such as bottom ash of energy boilers.
In this paper we present a low-cost online inspection system for detecting unburned fuel in a biomass-fired energy boiler using a methodology which can be fully automated. The system consists of an ordinary systems camera which is automated to snap images over the bottom ash conveyor of a large-scale circulating fluidized bed boiler fired by biomass. The images are then analyzed to detect the unburned fuel particles and to calculate an index which indicates the amount of unburned carbon in the ash.
Materials and methods

A. Case process
The case process is a 385 MW th large-scale industrial boiler. The boiler is fired by biomass or a mixture of biomass and peat. The biomass consists of forest residue (bark, branches, crowns, stumps etc.). The plant produces steam and electricity for a pulp and paper plant and electricity and district heat for an energy company.
B. Measurement system
A low-cost industrial camera system was developed to learn whether digital images could be used to monitor the properties of the ash and to detect unburned carbon. The system includes a commercial systems camera and a mobile measuring and analyzing unit for capturing online images from the process (See Figure 1) . The infrared motion sensor can be used to detect motion and shoot pictures at the right moment. The ordinary systems camera is located in a pressurized and sealed box to endure harsh and dirty conditions present in the industry. The total material cost of the system depends mainly on the camera used.
The automatically taken images can be forwarded to the control room PC via a WLAN router, for example, to be viewed and analyzed. The system has been tested in an industrial CFB boiler. The system installation over a bottom ash conveyor of a 385 MW th CFB is presented in Figure 2 .
C. Image data
Research on image processing and analysis methods was carried out to obtain information from image data. Main stages of the image acquisition and processing were: 1) Automated snapping of images in target plant 2) Image transfer to a remote server located at the university via a wireless connection 3) Image analysis Images were taken from the process during one month in the spring of 2011. After the measurement period the system had collected 1 019 digital images from the process, which yields approximately 33 images per day on an average. 
D. Processing of images
There are a large number of image processing tools which can potentially be used for preparing digital images for the measurement of the features and structures they reveal [13] . Analysis of ash images taken from a conveyor is a relatively difficult problem due to many real-world challenges: the environment is dusty and dirty, the illumination can be poor, particles are small and overlap with each other, material is in layers, moving structures of the conveyor can appear in the images, and so on. Fortunately, computational processing of images makes it possible to solve many of these problems.
The purpose of the study was to create an index which would indicate the amount of unburned fuel in the bottom ash. The stages for determining the carbon index are as follows:
1) Convert the colour image to grayscale image 2) Adjust contrast 3) Convert to binary image (by using a fixed threshold with a low value) 4) Remove small objects to remove noise 5) Find connected components (=objects) 6) Filter objects to remove shadows (See Figure 3 for stages 1-6) 7) Calculate object areas (in pixels) 8) Calculate carbon index as in (1) ( A carbon ) / (A all pixels )
where A carbon is the total area of detected objects in pixels and A all pixels denotes the total number of pixels in an image.
First the digital colour image is converted to a grayscale image, and its contrast is adjusted to allow the automatic object detection perform better in the later stages of the analysis. Next, the image is converted into a binary image. The objective of binarization is to separate features representing the objects from the background, so that they can be measured and counted [13] . At this stage small objects (i.e. < 800 pixels, which is approximately 0.1% of the total number of pixels in an image) are removed to reduce noise in the pixel data.
The next step in the analysis is to search for pixels connected to each other to identify the black objects potentially representing unburned carbon particles. Here we use 8-neighborhood in detecting the connected pixels, which means that there are eight possible directions for connectivity in a two-dimensional space.
As we can see in Figure 3c , the binary image still comprises objects which can be erroneously classified as unburned carbon particles, while in reality they are merely object shadows caused by poor lighting conditions. Therefore a filtration procedure based on the object shape is implemented at this stage, which improves the detection and makes the identification of carbon objects more reliable (See Figure 3d) . Finally, a simple index indicating the amount of carbon in the bottom ash is calculated by dividing the total area of identified carbon particles by the total number of pixels in the digital image.
Results and discussion
An online inspection system for detecting unburned fuel in a biomass-fired energy boiler has been developed using a methodology which can be fully automated. The purpose was, on one hand, to construct a low-cost pilot system which could be used to test the potential of the approach with minimal investment costs, and on the other hand, to see if some of the technical limitations of a relatively cheap camera could be compensated with more advanced image processing and a simple protective case which makes the harsh conditions suitable for the camera. The current material cost of the whole system, which consists mainly of the purchase price of the systems camera, would be around 500 € which is much below the price of traditional industrial cameras and makes the system an economically competitive option for industrial process monitoring.
Despite the low material cost, the results achieved by the system were promising. The carbon index calculated for each image analyzed during the measurement period is presented in Figure 4 . The images corresponding to the highest values of the index are shown in Figure 5 .
It can be seen in Figure 4 that both short-and long-term changes can be detected in the carbon index. Two or three occasions in which the index has been increasing during a longer period of time can be distinguished in the trend line, but overall the amount of unburned carbon, and especially the baseline of the carbon index, seems to remain low in this one-month measurement period. In the middle part of the month there seems to be a period in which the carbon index has remained on a relatively low level. On the other hand, the lack of real problems in the measurement period makes it difficult to draw any conclusions on the operation of the system in a problematic situation. Furthermore, because there were not any appreciable problems in the operation of the boiler during the period, this far we have not been able to determine what the acceptable limit for the unburned carbon would be in this case.
It is important to note that the material is in layers on the conveyor (the thickness of the ash bed can be a couple of centimetres), so some particles inevitably remain undetected if they are located below the surface. On the other hand, in case that the number of carbon particles is high, it is also more probable that they appear also on the surface. In other words, one can assume that the topmost layer is a sample which represents all of the material.
The approach presented for inspecting the unburned fuel is useful, because merely a sheer online image from the conveyor, updated and transferred to control room PC, would enable the process personnel to monitor the process and to take necessary actions when sudden problems occur. In addition, the calculation of carbon index makes it possible to monitor long-term trends and helps in detecting possible problems evolving during a longer period of time. Furthermore, the system makes it possible to develop an early warning system which would alert in a problematic case, but to achieve this more tests would be needed to determine which the acceptable limit for the grain index actually is. 
Conclusions
A low-cost online inspection system for detecting unburned fuel in an energy boiler has been developed. The benefits of the measurement system include: Only one calibration is needed (focusing of the camera). Camera and other instruments are all available from public consumer market, which ensures low material costs. The system is compact and easy to install. The system is applicable to dusty and dirty industrial environments due to the pressurized and sealed enclosure.
The main conclusions from testing the industrial camera system in the CFB boiler are: An ordinary digital camera can be used for getting quality pictures from the ash flow of an energy boiler. Image analysis enables the monitoring of the amount of unburned fuel in the bottom ash.
The system provides online information on the process, and trend lines can be used to monitor changes occurring during a longer period of time.
The system can be programmed to alarm in case there is a growing trend in the carbon index, for example (early warning system). The system has several other possible future applications such as monitoring the coarseness of bed material or quality control of solid fuels before combustion.
